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Single-element objective lens for soft x-ray
differential interference contrast microscopy
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High-resolution soft x-ray differential interference contrast (DIC) imaging was demonstrated through the
use of a single-element objective, the XOR pattern, in a full-field soft x-ray microscope. DIC images of the
magnetic domains in a 59 nm thick amorphous Gd25Fe75 layer were obtained and magnetic phase contribu-
tions were directly imaged. With its elemental, chemical, and magnetic specificity, compatibility with vari-
ous sample environments, and ease of implementation, we expect this soft x-ray DIC technique to become
one of the standard modes of operation for existing full-field soft x-ray microscopes. © 2006 Optical Society
of America
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Nanometer resolution soft x-ray microscopy has had
a major impact on nanoscience research.1,2 The tun-
ability to element-specific absorption edges (such as
the K-edges of C, N, O, the L-edges of Ca and 3d
transition metals, and the M-edges of rare-earth ele-
ments), the penetrability into water below the oxygen
K-edge �543 eV�, the polarization characteristics, and
the subnanosecond time structure of soft x rays gen-
erated at synchrotron sources have leveraged soft
x-ray microscopy as a powerful new tool for high-
resolution imaging in biological studies, nanomag-
netism, and materials sciences. A spatial resolution
of 15 nm was recently demonstrated with absorption
contrast as the imaging mechanism.3 Extension to
phase contrast adds another dimension to x-ray mi-
croscopy and therefore further facilitates our under-
standing of nanoscale phenomena. Phase contrast
imaging at soft x-ray wavelengths was demonstrated
by Schmahl et al.,4 who used a Zernike phase plate.5

X-ray differential interference contrast (DIC) imag-
ing was also demonstrated,6 followed by subsequent
improvements by use of diffractive optical
elements.7,8 Here we present a novel Fourier optical
element, the XOR pattern,9 that achieves nanoscale
resolution soft x-ray DIC imaging with a single-
element objective lens. Unlike Zernike phase con-
trast, no additional optical element is needed in our
experimental setup, which employs a standard soft
x-ray microscope. High spatial coherence is not

10–15
needed as in reciprocal space methods, thus sig-
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nificantly reducing the requirements on the largely
incoherent soft x-ray sources available today.

We obtain the XOR objective by combining an over-
laid binary grating and a zone plate through a logical
XOR operation, as shown in Fig. 1. The binary grating
and zone plate are first pixelized, overlapped, and
then compared pixel by pixel. At each pixel position, a
logical exclusive OR (XOR) operation is performed, in
which the corresponding pixel value of the resultant
XOR pattern is 0 if the pixel values from the grating
and the zone plate are the same and is 1 otherwise.
The resultant XOR pattern effectively incorporates
the function of a �-phase-shift grating into that of a
zone plate. One can readily recognize the XOR objec-
tive as an altered zone plate with sections of

Fig. 1. (Color online) XOR objective. Bias retardation is ac-
complished by lateral shifting of the grating with respect to

the zone plate.
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�-phase-shifted zones delineated by the overlaying
grating pattern. This design also ensures that its
smallest features, i.e., the critical outermost rings,
typically 20 to 50 nm wide, are identical to those of a
regular zone plate. Nanofabrication of this Fourier
optical element is therefore compatible with the lat-
est high-resolution overlay process used recently to
produce 15 nm outermost zone width.3

The two characterizing properties of DIC
microscopy,16,17 lateral shear and bias retardation,
are determined as follows: Noting that the
�-phase-shift grating does not have a zeroth order,
we find the amount of lateral shear �x, which deter-
mines the range of spatial frequencies observable in
the DIC image, as follows9:

�x = 2 sin−1��/d�f �
2�rD

d
, �1�

where �r and D are the outermost zone width and di-
ameter of the zone plate, respectively, � is the wave-
length, and d is the grating period. The focal length
of the zone plate is given by f=�r D /�. In the limiting
case where d=D, the lateral shear is �x=2�r. Be-
cause lateral shear �x is actually independent of
wavelength, the resolution of this x-ray DIC micro-
scope remains constant across its spectral range of
operation, as is the case for zone-plate-based soft
x-ray microscopes. Bias retardation 2�� is deter-
mined by the relative positions of the grating and the
zone plate, as in the case of phase-shifting
interferometry18:

�� = 2���a/d�, �2�

where �a is the grating’s relative translation in the
direction of the shear with respect to its null position.
For this experiment the XOR objective was designed
to have diameter D=80 �m, outermost zone width
�r=40 nm, and grating period d=D=80 �m. Thus
the amount of lateral shear �x as given by Eq. (1) is
80 nm. Bias retardation 2��=�, corresponding to a
grating translation of a quarter of a period ��a
=d /4� from its null configuration, was used. Nanofab-
rication was conducted with a vector-scan electron-

19

Fig. 2. (Color online) Experimental setup for soft x-ray
DIC microscopy. The scanning-electron microscope photo-
graph (inset) shows the XOR pattern with a 1 �m scale bar.
beam lithography tool, the Nanowriter. The XOR ob-
jective was fabricated in 100 nm thick nickel upon a
100 nm thick silicon nitride �Si3N4� membrane.

The experimental setup for the soft x-ray DIC mi-
croscope is depicted in Fig. 2. In place of a Fresnel
zone plate, the XOR pattern is used as the microscope
objective, facilitating soft x-ray DIC microscopy by
projecting two laterally shifted images onto the de-
tector, a 1024�1024 soft x-ray sensitive CCD. All
other components are identical to that of soft x-ray
microscope XM-1 in its normal use at the Advanced
Light Source (ALS) at Berkeley,3 where the experi-
ments were conducted. This soft x-ray DIC micro-
scope, therefore, operates with the same tunable
spectral range, monochromaticity �� /���700�, mag-
nification, and polarization control as the XM-1 mi-
croscope. Consequently, the same elemental,2

chemical,20 and spin–orbit21 specificity as the XM-1
microscope can be achieved. In addition, the versatile
sample accommodation of soft x-ray microscopes also
permits the examination of wet biological specimens2

and cryogenic three-dimensional tomography22,23 as
well as nanostructured magnetic and electric
samples under varying externally applied electric or
magnetic fields.24,25

Using the XOR objective in soft x-ray microscopy,
we report what we believe is the first direct imaging
of magnetic phase contrast, i.e., the magnetic contri-
bution to the real part of the refractive index, in-
duced by x-ray magnetic circular dichroism (XMCD).
XMCD introduces an additional magnetic contribu-
tion to the complex refractive index of ferromagnetic
materials near (or around) the element-specific
atomic resonances such as the spin–orbit coupled L3,2
absorption edges. The relative orientation between
the helicity of the circularly polarized x-ray radiation
and the projection of the ferromagnetic sample’s local
magnetization onto the photon propagation direction
determines the magnetic phase change and attenua-
tion experienced by the transmitted x-ray radiation.
These changes in complex refractive indices provide a
magnetic contrast mechanism for imaging magnetic
domain structures. Figure 3 shows the x-ray DIC im-
ages of a 59 nm thick amorphous Gd25Fe75 film with
a pronounced perpendicular magnetic anisotropy.
The probing radiation has been tuned about the L3
and L2 absorption edges of iron to image the local and
element-specific magnetization. With a conventional
objective zone plate, one can detect only the magnetic
absorption contrast, which is known to vanish at pho-
ton energies below the L3 edge and also between the

Fig. 3. DIC images of a 59 nm thick Gd25Fe75 sample ob-
tained across the iron L3 and L2 edges at (a) 705 and (b)

711 eV.
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L3 and the L2 edges.26 Nevertheless, a magnetic
phase contribution does exist at these two spectral
positions [i.e., below L3 and between L2 and L3 (Ref.
27)] and the XOR objective’s ability to image at these
two spectral positions provides an unambiguous
proof of imaging with magnetic phase contrast.

Figures 3(a) and 3(b) were recorded at photon en-
ergies of 705 and 711 eV, respectively, where signifi-
cant magnetic phase contrast is expected with a re-
versed sign. Because this x-ray DIC technique is
especially sensitive to differences in complex refrac-
tive index, the resultant magnetic DIC images ex-
hibit a magnetic contrast at the boundaries of the
magnetic domains, i.e., the domain wall regions,
where the magnetization changes its direction. As a
result, the magnetic phase effect appears as an inver-
sion of the dark–light regions near the magnetic do-
main boundaries. This causes the bas-relief pattern
to switch from above to below the nominal surface.
For comparison, absorption contrast soft x-ray mi-
croscopy images of the identical sample, obtained
with a conventional zone plate objective, were pub-
lished earlier.28 In comparison with existing mag-
netic imaging techniques based on XMCD,21,28,29 this
x-ray DIC microscope is especially suitable to image,
with high spatial resolution, regions of spin inhomo-
geneities such as the magnetic domain walls, and we
therefore anticipate that this capability will permit
further detailed analysis of these actively researched
areas.29,30

A new form of soft x-ray DIC microcopy that uses
an XOR objective lens opens a new dimension in
nanoscale imaging in which direct phase contrast is
observed. We anticipate its use in both magnetic and
biological studies, for which nanoscale phase effects
are of great scientific interest. We also expect it to be-
come a standard mode of operation in existing full-
field soft x-ray microscopes. Future improvement in
spatial resolution with smaller, 10–15 nm outermost
zone widths3 is also anticipated. Further extension,
to harder x rays, with advantages accrued by de-
creased absorption, is anticipated with future devel-
opment of thick, high aspect ratio zone plates and
XOR patterns.
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